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1.0 INTRODUCTION

Widespread public attention was first focused on the possible pol-
lution problem caused by jet fuel being jettisoned in the atmosphere
when a commercial airline pilot was fired for insubordination because
he continued to demand that residual fuel in pressurization and dump
fuel drain cans on his aircraft's jet engines be drained prior to take-
off. This fuel (approximately 1 to 2 1b), which drains into the cans
during engine start and shutdown, is automatically siphoned out of the
cans by air pressure as the aircraft accelerates. The siphoning action
is designed to start by ram air pressure when the aircraft reaches an
indicated airspeed of approximately 200 knots, However, there is con-
siderable disagreement over where the fuel is jettisoned and what
happens to it. Some argue that the fuel is ejected at about 2000-ft alti-
tude and about five miles from the runway. This view is countered by
some pilots who are convinced that they have seen the fuel spill on the
runway itself, Those who are convinced that the fuel is vented at alti-
tude are divided in their opinion of what happens to the fuel after being
released, The commercial airlines suggest that it is completely vapor-
ized and so diluted by prevailing winds that it presents no significant
pollution problem. National Air Pollution Control Authority (NAPCA)
officials argue that kerosene does not vapcrize quickly and that much
of the dizcarded fuel remains as a fine aerosol suspended in the atmos-
phere presenting a localized pollution problem, especially in the air
corridors used for takeoff from airports (Ref, 1),

In addition to the above-described routine operations, unusual con-
ditions occur where the disposal of large quantities of fuel is necessary.
These conditions exist with a wide range of latitude. In some cases,
there are emergency conditions which necessitate the immediate off-
loading of the fuel at as high a rate as possible., In other cases, even
though they represent an emergency, there is some amount of control
over the conditions of release, An incident at the San Francisco air-
port involving damage to a 747 during takeoff represented such a case.
The situation with the most latitude is that where a flight must be
aborted because of conditions which do not involve potential danger to
lives, In such cases the conditions of release of the fuel, that is, the
altitude, flight velocify, and rate of flow, may be completely open to the
discretion of the pilot. At the present time, there is very little infor-
mation available which can be used to evaluate the effects on the local
environment caused by thousands of pounds of JP-4 fuel being sprayed
into the atmosphere. Recommendations to release the fuel at high or
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low altitude, to seek or avoid cloud layers, to reduce or increase air-
speed, etc.,, cannot be made until the effects of these variables are
known,

The conditions and potential impacts of the military and commer-
cial fleets are essentially similar; the examples above serve equally
well for either operation. The research and test programs described
in this report were addressed to the particular problem of the jetti-
soning of JP-4 fuel into the atmosphere and its resulting impact on
the environment,

Fuel jettisoned at altitude will break up into droplets as the liquid
stream encounters the high-speed airstream. For a short period of
time these droplets will be entrained in the turbulent wake of the air-
craft and one can expect vapor from the fuel at this point to be
thoroughly mixed with the exhaust products from the aircraft's engines,
As the turbulent energy in the wake is dissipated, the droplets of fuel
will start to free fall, During the early phases of free fall several
processes may occur, Small droplets may coalesce thus forming
larger drops, and extremely large droplets may break up due to the
aerodynamic forces on them as they accelerate under gravitational
forces. Thus, there may be a readjustment of the size distribution of
the falling droplets. Throughout the falling process the droplets will be
evaporating, leaving a hydrocarbon vapor in the atmosphere, H is
possible that under the appropriate conditions (low-altitude dump, cold
temperatures) some of the JP-4 may survive the free fall and cause a
ground contamination problein,

The most publicized atmospheric pollution problem (smog) results
from the reaction of hydrocarbon vapors and oxidants (Ref, 2). This
reaction is triggered by the ultraviolet radiation present in sunlight.
Obviously, the addition of a considerable quantity of hydrocarbons to
the atmosphere should cause concern about the photochemical processes
which may occur, The two areas possibly of most importance in this
respect are (1) the aircraft wake, where there is sufficient concentra-
tion of oxidants from the jet engine exhausts and {(2) at ground level in
a metropolitan area where automobile exhausts supply the oxidants.

The work accomplished in this phase of the project does not pursue
this aspect of the problem, However, data obtained in the evaporation
studies may be useful in defining the class of hydrocarbons most likely
to remain as vapors in the aircraft wake and in the ground level mixing
layer.
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A second area of concern can reasonably be voiced when consider--
ing the impact of JP-4 vapors on the atmospheric hydrological cycle.
The normal atmospheric processes of cloud formation, rainfall, and
subsequent evaporation provide a natural cycle which cleanses particu-
lates from the atmosphere. The bulk of these particles are dusts from
wind erosion and hygroscopic salts from evaporated salt water sprays.
While these may be classified in an absolute sense as pollutants, they
are a necessary part of the hydrological cycle, These small particles
act as nucleation sites for aggregation of water molecules, Addition
of JP-4 to the atmosphere may prove tc be only a minor perturbation
tc the natural cycle and be effectively washed out in subsequent rain-
falls, It is suspected, however, that the impact of the fuel jettison
may have more far-reaching effects, It is well known that the more
effective condensation nuclei are those which are classified as
"wettable'', the hygroscopic salts being the most efficient. Contami-
nated by JP-4 fuel, these particles may become ''nonwettable' and thus
incapable of serving as condensation nuclei. If this occurs, there will be
an abnormal increase in the naturally occurring particulates, since the
cleansing process due to precipitation as rain or ice will be inhibited,

Cloud and fog banks which at first seem fo be quiescent, are, in
fact, constantly involved in the process of condensation and evaporation,
Water droplets which grow within the fog-cloud structure reach such a
size that gravitational forces overcome the aerodynamic forces pro-
duced by updrafts, and they start to fall, However, as they leave the
high humidity of the cloud layer, they re-evaporate and are swept back
into the cloud to repeat this cycle. Addition of an unusual quantity of
impurities could greatly affect this process. Evidence exists which
suggests that some hydrocarbon concentraticns, low enough to create
a monolayer coverage on water droplets, can inhibit evaporation and
thus stabilize fog and cloud formations to the point where they cannot
dissipate by the natural methods of precipitation or evaporation (Ref, 3).

The experimental work reported herein was designed and conducted
to answer questions which were raised as a result of a survey of perti-
nent literature, The subjects considered were as follows:

1, Direct references to jettisoning of liquids from aircraft
and breakup of liquids in high-speed air streams;

2. Properties of JP-4;
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3. Dpoplet fallout and evaporation -
a. coalescence of droplets,
b. drag coefficients,

¢. evaporation rates; and

4, Effects of JP-4 vapor on condensation and evaporation of
water vapor.

2.0 JETTISONING FROM AIRCRAFT AND BREAKUP OF LIQUID

There is surprisingly little infermation in the literature that is
specifically addressed to the problem of dumping fuel from aireraft.
Cross and Picknett report on low-altitude fucl dumps conducted at
Porton Downs in August of 1972 (Ref, 4). The tecknique used was to fly
across the wind at an altitude of approximately 15 meters and dump fuel
to which had been added 0. 5-percent Unitex SWN, Unitex SWN is highly
fluorescent under ultraviolet radiation, The droplets were collected
on filter papers located downwind, and the droplet sizes were deter-
mined by the quantity of Unitex SWN residual remaining on the filters,
I'rom these data the authors present a drop-size disiribulion curve and
suggest an empirical equatlion for the mass medicn size,

dipmt - 3% 4 017 b 0.0
where I ig the fucl flow rate in kg/min,

This equation would be applicable [or an aireraft flying at 120 m/sec
(234 knots) and dumping through & G-cm (2, 5-in. )-diam pipe, As can be
seen from the curve in Fig, 1, the maximum droplel size [rom these
iests was 400 #m witk a mass median diameter of 240 tm, It is noted
that in tuking inventory of the total fuel dumped and ithe quantity observed
at ground level that only 55 percent ol the luel could be zecounied Jor,
The authors suggest 1mat shielding ol sample collectors by tzll prasses
and a possible loss of some smaller partiicles due to evaporation as the
moest lixely explanation. A sccond explanation is that much more of the
fuel than the auikors suspect is conlcined in droplets with dizameters less
than 50 gr:, It is unfortanste thof no information is presented as to the
velocity of the crosswind during trne tesl periods. Assaming, however, a
relatively slight wincspeed o 2,3 mfs=ce (3 knots), a 50-um droplet

]
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falling at its terminal velocity of approximately 7, 6 cm/sec

{0, 24 ft/sec) would drift well beyond the far line of sample collectors,
350 m (1132 ft) during its 15-m (50-ft) free fall, It is also noted that

the resolution of the detection technique did not permit observation of
droplets smaller than 40 im,

1000_—
B Data from Ref. 4
E
=
=
kS
E 100:
c e
= n Proposed Distribution (Assuming
g R 35 percent of Fuel in Droplets
= R <50-um Diameter)
1 1 1 1 | | _I ] H 1 1 i 1 ] ]
YT oL 651 5 10 w40 & s 90 B W B9 0%

Percent Mass Contained in Drops Less Than Stated Size

Figure 1. Droplet size distribution from fuel dumping.

Evidence to support the production of a significant number of
smaller droplets is contained in test results obtained in wind tunnel
tests conducted by Davidson {Ref, 5) and Wasson, et al. (Ref. 6).
The former tests were conducted with simulated defoliant as the
liquid, with dump rates of 14.5 to 558 kg/min (33 to 1280 1b/min)
in a 205-m/sec (400-knot) airstream, A compariscn of the de-
foliant's properties compared to JP-4 is given in Table 1.

1
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Table 1. Properties of Defaliant

i Property at 70°F Defoliant | JP-4 HyO
|

t Specific gravity 1,34 0,77 1,00
| Viscosity (centistokes) 8.80 1, 60 1.00
: Surface Tension (dyne/cm) 35,00 21,00 73,00

The results reported (Ref., 9} indicate that all the droplets detected were
less than 50 um in diameter with a mass median diameter of 24 um.

Similarly the data produced by Wasson, et al. for JP-4 fuel indi-
cate a maximum droplet size of 100 pm with mass median droplet sizes
ranging from 25 to 55 hm. These tests involved flow rates of JP-4
fuel from 1,3 to 138 kg/min (13 to 300 1b/min).

Both investigators used an in-line holographic technigue to record
the droplets produced. In each case the photographic station was
located relatively close to the dump nozzle because of the limitations
imposed by the length of the test cell.

It is obvious that these results are not entirely consistent with the
Porton Downs tests in that no large particles were detected in these
studies. There are three possible explanations for the difference,

The first is a possible bias toward the smaller drops produced by the
experimental technique used, For example, the holographic station
recorded droplets in the center of the test cell; if larger droplets were
located outside of the core flow, due either to gravitational settling or
unusual flow patterns, they would be lost to the holographic exposure.

The second possibility is that the droplet sizes recorded at this
distance downstream are representative of the state of the fuel, and a
process of coalescence occurring further downstream would account for
the appearance of larger droplets. Wigg (Ref. 7) supports this argu-
ment from his work with large air-blast atomizers in which he notes a
variation in droplet size as a function of the location of the sampling
station, Merrington, et al. (Ref. 8) alsc noted that they observed
larger droplets as they moved downstream. These observations
prompted the short experimental program to investigate the possibility
of coalescence which is reported in Section 4, 0.
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The third consideration is addressed to the problem of comparing
the variations in the parameters under which the various tests were
conducted, The defoliant studies injected similar mass flow rates of
liquid into the airstream; however, the airstream velocity was almost
twice that of the actual fuel dump test. Wasson, et al., were able to
match the air speed but were forced to reduce the mass flow rate of
the liguid due to limitations of the wind tunnel pumping system,

In order to evaluate the significance of these differences, it is
necessary to postulate the nature of the atomization process. Numer-
ous theories have been presented concerning the mechanism by which
a liquid jet breaks up and forms droplets. The classical work of
Rayleigh (Ref, 9) considers the buildup of ripples on the liquid surface
and associates an eventual droplet size to the wavelength of this dis-
turbance.

However, this approach is not deemed applicable in considering
large diameter liquid jets encountering high-speed airflows. Photo-
graphs of liquid jets encountering airstreams of various velocities are
presented by Nukivama, et al. (Ref, 10). The photographs show high-
speed airstreams stripping fine ligaments from the liquid surface and
a subsequent breakup of these ligaments into droplets, While the
liquid jet diameters studied by Nukiyama are smaller than those under
consideration for fuel dumping, this breakup mechanism is considered
the most likely process of atomization.

Accepting this method of atomization then one can postulate a
sequence of events as the liguid jet enters the airstream. The initial
stripping of ligaments from the outer surface not only produces an
initial quantity of droplets but in turn accelerates the bulk of the liquid
core such that the secondary ligaments are produced with a slightly
reduced relative airspeed. One can consider this process being
repeated until either the liquid core is depleted or the velocity differ-
ence between the ligquid and the airstream is reduced sufficiently sco
that further breakup would occur as a result of instabilities in the
liquid core as suggested by Rayleigh, While the orderly shedding of
successive layers of liquid is obviously compromised by the extreme
turbulence caused by the injection of the liquid into the airstream, the
model would indicate that the droplets produced from the initial expos-
ure of the liquid to the airstream should be independent of the jet diam-
eter. It would also indicate that minimum droplet sizes would be pri-
marily defined by the relative velocity between the initial liquid jet and
the airstream and the physical properties of the liquid. Castleman

13
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(Ref. 11) suggests that for gas-liquid velocities above 100 m/sec this
minimum size is only a function of the liquid properties and gives s
value of 10 #m for water droplets, Sauter (Ref, 12) reports a mini-
mum value of 7 um for kerosene droplets,

Since the three tests under consideration were conducted with
relative velocities between the liquid and airstream in excess of
100 m/sec, then one would expect the droplet-size distribution to
start with droplets around 5- to 10-um diameter,.

Predictions for an expected mass median or maximum droplet
size for the various tests are open to serious question since no theo-
retical treatment is available to handle the problem, and semi-
empirical relations have all been developed with data obtained from
studies investigating much smaller fluid jets.

Many investigators have given a dimensional analysis of the break-

up of liquids into droplets (Ref, 13), Using this approach one can
assume that the average droplet size can be expressed as

KD.pp. V. o, up. Pg FE)

Expressing these variables in the form of a power series, they may be
rearranged to yield the following equation with four nondimensional

groupings,
v Da (=2 N\ NP8 < fPe\
(\'Epgl)) ARV ) \PeJ e

where o, a, b, ¢, and d are appropriate constants, Using this approach,
Ingebo, et al, (Ref, 14) present the expressions,

o 002
-}
o 3.91)(H—e,)

MELES
2
d_ . = 23.3D(ﬁ)

[+ W
]

and
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where
e = 20 {Inverse Weker number)
vip D
and
DYp

Re”

? {Liquid film Reynolds number)

The experiments from which these constants were determined covered
the range of airstream velocities of interest in the atmospheric dump-
ing problem as well as matching the properties of the fuel., However,
the diameter of the initial fluid jet was almost two orders of magnitude
smaller, While one might hesitate to apply this werk directly to the
large-scale dumping, it is of interest to note how these equations would
predict the trend of the droplet sizes as a function of the initial liquid
jet diameter. Curves from these equations are presented in Fig, 2,
For the conditions of the full-scale atmospheric fuel dumps (Ref, 4),
these equations predict a median droplet size of 360 #m and a maxi-
mum size of 670 um, These values compare to 240 and 400 4m as
reported.

Dropbet Diameter, pm

AP-4 Fusl
120 misec
Alrspued {Mmhel:

Dy - g3 9 temei® 2
- Dy * Dy 2.3 Warkil® 2

10 : [ | [ | 11 1 [ I
0.1 1 10
Liguld Jet Diametsr, cm

Figure 2. Droplet size as a function of liquid jet diameter.
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The upper limit of the droplet size {(which might survive a fuel
dump and free fall) can be estimated by referring to the work by
Volynski (Rel, 15) and similar studies by Lane (Ref, 16), These
studies define a critical Weber number at which a single droplet will
become unstable and break up. Using Volynski's critical value of
We = 7, then one can plot the maximum stable drop size as a function
of AV or the relative velocity between the JP-4 and the airstream,
Such a curve is presented as ig, 3. Assuming that such a large
droplet can survive the dumping process, then one can estimate the
resulting terminal velocity of the droplets in free fall {Ref, 17).
Figure 4 presents a plot of terminal velocities along with the critical
velocities as predicted by Volynski and Lane. This indicates a maxi-
mum droplet size between 3250 and 3750 um and is based on the
terminal velocity of spherical droplets, It is obvious that serious
distortion must occur in liquid droplets prior to breakup, and thus,
some medification of the terminal velocity curve should be made.

LT o

—————————————— 120 kmthr iF ] Bump in Ref 4;
- 15ea Levell

ED] o

20

AV Relative Velouily, infsec

0 ] | | I | | L L L1 1

1] 200 an (3 1] B0 1000 1200 14m
Maxamur Droplet Damelter dm

Figure 3. Maximum droplet size as a function of relative velocity.
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Figure 4. Critical velocity for droplet breakup.

For lack of more definitive data at the present time it is suggested
that the most likely droplet size distribution would consist of that ob-
tained by Cross, et al, (Ref. 4) modified by including an additional
35 percent of the fuel in the form of droplets in the size range from
10 to 50 um. A suggested size distribution is presented in Fig, 1 which
reflects this meodification,
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One further paramecier of concern in considering the aerodynamic
properties of the jettisoned JP-#% is lhe drag coellficient ol the free-
falling droplets. Gunn and Kinser {(Ref. L8) and Laws {(Ref. 19) pre-
senl data for falling water droplels which show a considerable differ-
ence in drag coefficient from that of solid sphercs. How much of the
difference can be associuated with evaporation of the liguid and how much
can be considered to be caused by aerodynamic deformaltion of the droplet
is not known. Data lrom which the drag coelficient of liquid droplets may
be computed Is exiremely limized, and no infermation could be Zound whick
mghl apply to droplets of JP-4 under {ree-fall conditions. Thus, a series
of experiments to determine the drag coeflicient of JP-4 in free fall at
various simulated altiiudes was conducted and is reparted in Section 5. 0,

3.0 PROPERTIES OF JP-4 FUEL

The present specificalions for JP-4 fuel have been developed over
a number of years. They represcent an acceptable compromise between
many of ithe conflicling requirements for the ideal fuel. TFor example,
a kigh volalilily is desirable [or engine starting and cold weather per-
formance. However, a low volatility is preferred by the fuel system
aesigner who has to consider vapor locking in pumps and ihe problems
of foaming and excessive venling from fuel tanks during high rates of
climl, One important factor which must be considered is that a usable
fuel must be available worldwide for eifective mililary operations and a
tou narrow set of specifications significanily reduces the avzilability,
Because ol these factors, JP-4 fuel is not defined in terms of specific
components bul by some general choracteristics, I is a keroscne-type
fuel with a wide boiling range. It may conlain as many as 5, 000 to
10,000 hydrocarbons. Thesc can be divided into three general categor-
ies: paraffins, aromaties, and olefins.

The parafling constitule 75 to 90 percent of JP-4 fuel. They are
stable in siorage, clean burning, and do net attack the commeon clasto-
mers used lor gaskets and O-rings, Typical paraffins are straight
chain paraffins such as n-pentane, branched chain paraffins such as 2,
2, 4 trimethyl pentane, and cycloparaffing such as cyclopentane,
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The aromatics are characterized by the six-member benzene ring.
They are stable in storage, smoky burning, and have high solvency
powers. The concentrations of aromatics are limited to 25-percent
maximum, though most fuels contain only 10 to 15 percent. Benzene
and naphthalene are typical of the aromatics,
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The olefins are hydrocarbons with a characteristic carbon-to-
carbon double bond, This double bond is more reactive chemically
than the deuble bonds in the aromatic hydrocarbons. The clefins are
limited to a maximum of 5 percent in JP-4 fuel. Some types of aro-
matic olefins and diclefins are very reactive in the presence of atmo-
spheric oxidants, usually these constitute less than 0. 2 percent of
JP-4, Typical olefins are butane, butadiene, and styrene,

==C-C~-0C-1 C=C-¢C=20C
| | | l i
IT H ] I i
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(diolefin)
H
|
C 11 tH
PN (.
H-C C~-C=2C
I [ !
H-C C-H H
»> S
C

Styrene {aromatic olefin)

The physical properties of JP-4 are generally defined by MIL-F-5624H
{Table 2},

3.1 DENSITY

The fuel density is of prime interest in aircraft design in the deter-
mination of location of fuel tanks and calculating flight range, In the
particular case of fuel dumping, the density is required in calculating
the fallout rates of the resultant droplets. The allowable specific gravity
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range is from 0, 751 to 0, 802 although the average of fuels (>5000
samples) measured in 1970 indicates a value close to 0, 76 (Ref. 20),
Using this average value, Fig, b presents a plot of specific gravity
as a funection of temperature over the range of interest for JP-4 fuel
free falling in the atmosphere. In those instances where the density
is reported in *API, the values can be converted to specific gravity
by using the relation

Specific gruvity (60°/60°F) = __ 1415
(15°/15°C) °API + 131.5

Table 2. Specifications of JP-4

Requirements JP-4 (NATQ F-40)

Distillation

Fuel evaporated 20 percent minimum at 290°F (143, 3°C)

Fuel evaporated 50 percent minimum at 370°F (187.8°C)

Fuel evaporated 90 percent minimum at 470°F (243.3°C)

Maximum residue, Vol, percent 1.5

Distillation loss, Vol, percent maximum 1.5

Gravity °API, minimum {sp gr max) 45, 0 {0, 802)

Gravity °API, maximum (sp gr min) - 57.0{0.751)

Existent gum, mg/100 ml maximum 7

Sulphur, total percent weight maximum 0.4

Vapor pressure, 100°F psi minimum 2.0

Vapor pressure, l100°F psi maximum 3.0

Freezing point, maximum -72°F (-58°C})

Heating value, Btu/lb minimum 18,400

Aromatics, Vol, percent maximum 25,0 ‘

QOlefin, Vol. percent maximum

Particulate matter, mg/gal maximum

Icing inhibitor, Vol, percent maximum
Icing inhibitor, Vol, percent minimum

O OO & LN
o0 =R O O
— [T S}

Total acid number, maximum
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Figure 5. Specific gravity of JP-4 versus temperature.

3.2 VAPOR PRESSURE

The volatility of JP-4 fuel is controlled by specifying the ASTM
distillation curve (D86-52) and the Reid vapor pressure. The distillation
curve is used to indicate the overall volatility of the fuel, and the Reid
vapor pressure indicates the initial tendency of the fuel to vaporize.
Neither test gives absolute values of vapor pressure.

The distillation tests are run with 100 cc of fuel in a closely pre-
scribed apparatus and at a controlled distillation rate. Vapor tempera-
tures are recorded at the head of the condensing tube as various per-
centages of the fuel are distilled and collected in a receiver. This pro-
cess does not give the temperature for initial beiling, does not isolate
any of the fuel components, nor give any information as to the final boil-
ing point. It is, however, a reproducible process and has been accepted
as a general means of comparing various fuel blends,
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The Reid vapor pressure is determined by sealing cne volume of
fuel and four volumes of air in a closed vessel and raising the tempera-
ture to 37, 78°C (100°F), The resulting pressure reported in psia is
noted as the Reid vapor pressure, For JP-4 the specifications set the
limits between 2 and 3 psia. Data obtained for the period from 1964
to 1970 show average values of 2.6 psia (>5000 samples each year)
{Ref. 20),

The classical vapor pressure-temperature relation is expressed
by

logP = A - BT

where

o
]

absolute pressure

A.B = constants

-]
1]

absolute temperature

For the hydrocarbons of interest, the constant B can be associated with
the normal boiling point of the pure compound, Figure § is a plot of
vapor pressure versus temperature for several typical hydrocarbons.
The abscissas are scaled as the negative of the reciprocal temperature
in order to present a set of linear curves. A comprehensive plot of
curves for hydrocarbons with normal boiling points from 100 to 1200°F
is presented in Ref, 21, The vapor pressure for ideal mixtures of
hydrocarbons can be calculated using Raoult's Law. However, the
wide range between the beiling points of the most volatile and least
volatile components in JP-4 plus the overwhelming number of specific
compounds present a problem in using this approach. Empirical equa-
tions to calculate the vapor pressure of JP-4 as a function of tempera-
ture have been developed which use various combinations of the ASTM
distillation data, the normal boiling point temperature, the Reid vapor
pressure, and the flash point temperature., These equations are pre-
sented in Ref, 22, and a plot of the vapor pressure of an average JP-4
using this approach is included in Fig. 6. These empirical equations
describe only 100-percent JP-4 and are not applicabie for residues of
JP-4 which would be encountered, for example, in an evaporating drop-
let.
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Figure 6. Vapor pressure of various hydrocarbons.
3.3 SURFACE TENSION

The surface tension for many of the hydrocarbons can be deter-
mined from their molecular weight, critical temperature, and density.
The equation developed by Ramsey and Shields (Ref, 23) is given as

23
o = (%) 212(T - 6 - T

where

o = surface lension (dvnes cm)
f = density (gm cc at temperatere T)
T = temperature of liquid (°K)

T,, = critical temperature {°K)

VM = molecular weight
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The values of surface tension for JP-4 reported in Ref. 22 are
based on this approach,

The molecular weight and the critical temperature for JP-4 are
determined from the general correlations between density, average
molecular weight for normal paraffins, molecular weight and critical
temperature as given in Ref, 21,

The values of surface tension calculated for the paraffins agree
with the curves presented in Ref, 22, However, the values calculated
for the aromatics show considerable variance. Figure 7 presents
values for octane and o-xylene as a typical paraffin and aromatic.
While the aromatics in JP-4 are limited to 25 percent by volume and
in actual samples average at approximately 11 percent, this may be
sufficient to significantly affect the actual value of the surface tension,
In those areas where the surface tension is a significant parameter,
caution should be used in accepting the calculated values based on the
specific gravity of the JP-4,
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Figure 7. Surface tension as a function of temperature,
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3.4 LATENT HEAT OF VAPORIZATION

The latent heat of vaporization is the difference in enthalpy be-
tween the liquid and the vapor phase at constant temperature, Maxwell
(Ref, 21) presents a method for determining the latent heat of vapori-
zation of a mixture of hydrocarbons by using the volume average boil-
ing point of the mixture and the average molecular weight and using
these values to modify the latent heat of vaporization curve of a com-
parable normal paraffin. Using this technique, a plot of latent heat
of vaporization as a function of temperature for an average JP-4 is
presented in Fig. 8. In essence, this is a slightly modified curve of
the heat of vaporization of iso-octane, This assumes the complete
vaporization of JP-4 and thus is not directly applicable for the frac-
tional evaporation of JP-4 as is considered in the free fall of JP-4
droplets. However, this same technique can be applied to each frac-
tion of the JP-4 and a series of such curves can be generated, At the
temperatures considered for the free-fall evaporation of JP~4, the
enthalpies of the individual components of a mixture are additive in the
liquid phase and in the vapor phase. Thus, the latent heat of vapori-
zation of JP-4 fractions can be modeled by using a mixture of hydro-
carbons, each one of which is representative of a specific fraction,
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Figure 8. Latent heat of vaporization of JP-4.
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The specific heat of hydrocarbon liquids can be correlated to their
specific gravity with a small correction for the volume average boiling
point (Ref. 21). For convenient reference, the curves applicable to

JP-4 are presented

0.2
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0.4

in Fig. 9,
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Figure 9. Specific heat function of temperature.

4.0 DROPLET BREAKUP AND COALESCENCE

A short experimental program was conducted to look at the breakup
of a liguid stream and to determine if coalescence of droplets was a sig-
nificant factor in the fuel-dumping process,
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The apparatus consisted of a concentric air nozzle and liquid feed
tube., The liquid was supplied from a pressurized reservoir. Various
liquid flow rates and liquid exit velocities could be obtained by adjusting
the reservoir pressure or by changing the exit diameter of the flow tube.
The air was supplied from a bank of high-pressure tanks and its flow
velocivy at the exit of the nozzle was adjusted by a valve in the supply
line, Air velocities were calculated from pitot tube measurements
made at the exit plane of the nozzle with no ligquid flow.

The air-liquid nozzle assembly was mounted about four feet from
the ground and pointed upward at a 45-deg angle., A strip of paper,
18 in, wide and 50 ft long, was placed on the floor along the centerline
of the nozzle assembly. The reservoir was filled with liquid (water
or JP-4) to which had been added a little dye. Flow rates of the liquid
were measured by pressurizing the reservoir and then opening the
supply valving and timing the liquid as it discharged into a calibrated
container, No airflow was used during this calibration,

The data were taken by adjusting the airflow through the nozzle to
obtain the desired velocity and then starting the liquid flow. The liquid
flow was continued for approximately five seconds and then terminated,
The airflow was then shuf off and the paper strip set at cne side to dry.
The droplets which settled on the paper left a colored imprint from the
dye and provided a permanent record of the droplets,

The approximate size of the droplets which left the circular stains
was determined by dropping known volumes of the dyed liquid onto the
paper. This was accomplished by drawing a small quantity of liquid
into a finely drawn glass capillary, The diameter of the capillary and
the length of liquid was measured with an optical comparator., This
known volume of liquid was then expelled as a droplet whose diameter
was calculated from the known volume of liquid released from the
capillary. In addition to this method of sizing, small dishes of silicon
oil were spaced along the paper during the tests with water, and sam-
ples of the droplets were viewed and measured directly with an optical
comparator. While not extremely accurate, it is felt that droplets as
small as 40 ¢ in diameter could be detected, No liquid was found
which could be used with the JP-4 to retain the individual drogplets,

The droplet sampling technique used for these tests does not per-
mit a determination of a droplet size distribution, However, it does
give some indication of maximum droplet sizes and more important it
confirms trends in the size distribution as influenced by varying selected

parameters, The range of flow variables investigated is indicated in
Table 3,
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Table 3. Droplet Data Produced from Spray Tests
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Run{Air Velocity, | Liquid Velocity, | Liquid Flow Rate, | Max Droplet
No, m/sec m/sec kgm/min gize, M
1 140 4,3 4,5 2600
2 140 1.7 1,8 1750
3 140 8.6 12,7 2550
4 75 8.0 0.4 1100
5 75 8.6 12,7 2600
6 140 1,1 1.2 600
7 140 4.3 4,5 2500
a 75 13,7 0.7 1250
9 75 4,3 4.5 2550
10 75 1.7 1.8 2600
11 140 4,3 4,5 2650
12 140 18,9 1,2 650

4.1 BREAKUP OF LIQUID JET

The following general observations are noted:

d.

For comparable flow conditions, the droplets of JP-4

were consistently smaller than the water droplets.
The ratio of the largest JP-4 to water droplet, for

comparable runs, ranged from 0.69 to 0,76, This
compares favorably with a value of 0,63 predicted by
Ingebo's empirical equation.

There were no other significant differences in the be-
havior of JP-4 and water as flow parameters were
varied,

Over the range of parameters varied, there was no
observable change in the smaller droplet sizes, For
the higher liquid flow rates and the lower a1r veloci-
ties the density (number of droplets per cm 2)
increased, but the size range at the station nearest
the nozzle exit remained at 40 to 100 ym.,

Runs with similar air velocity and liquid velocity but
different mass flow rates of liguid {e. g., No, 4 and
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No. 3) indicated a wider spectrum of droplet sizes at
midfield, and a larger maximum droplet size in the
far field for the higher flow rate.

e, Comparing runs No, 2 and No. 10 indicated that the
difference in airspeed had a significant effect on the
maximum size of the droplets produced. However, a
similar comparison between runs No, 3 and No, 5
show no such effect on the maximum droplet size, The
only difference between the data in runs No. 3 and No. 5
is that the larger droplets were recorded 25 percent
farther downstream in run No, 3. These data indicate
that the maximum droplet size is a function of the rela-
tive airspeed up to the point where the mass loading of
the liquid is so large that the energy available in the
zone of interaction between the high~-speed airstream
and the liquid is insufficient to atomize all of the jet,
This resulis in relatively large fragments of liquid
traveling at modest velocities and subsequently break-
ing up due to internal instabilities as they free fall,
This secondary process of breakup would also account
for the consistent upper limit of droplet size observed
during these tests.

f. Comparison of runs No, 6 and No, 10 indicate no sig-
nificant difference in droplet size due to the change in
the liquid velocity, This might be expected since the
relative velocity between the airstream and the liquid
does not change appreciably.

The most notable feature in the data was the fact that droplets from
40 to 100 #m were recorded nearest the nozzle and the farther the dis-
tance downstream the larger the droplet size became. For most condi-
tions, no 40- to 100-ym droplets were noted beyond 15 ft, and drop-
lets » 2000 ym were all recorded at distances beyond 25 ft, It is sus-
pected that previous investigators have seen this same effect and sug-
gested that coalescence of small drops is responsible for the larger
drops appearing downstream (Refs., 7 and 8). Visual observation of the
droplet cloud, however, indicates that this droplet sizing is primarily
due to the fact that once the initial droplets are sufficiently far removed
from the exhausting airstream, the quiescent atmosphere acts as a
selective filter, The smaller drops are rapidly decelerated and thus
fall out nearer to the nozzle while the larger drops travel much further
downstream.
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4.2 COALESCENCE OF DROPLETS

The apparatus was modified slightly to study the possibility of
coalescence of droplets. The air supply was saturated with oil vapor
prior to exhausting through the nozzle, and small petrie dishes filled
with 40W oil were used to collect the sample droplets. Only water
droplets were studied although it is suggested that the observation
would apply equally as well to JP-4,

Using the same experimental procedures of establishing airflow
then starting the liquid flow for a 5-sec period, samples of droplets
were coliected and immediately examined under a microscope,

It was observed that many of the larger droplets »750 ym had
numerous (5 to 25) small 40~ to 50-um droplets adhering to their sur-
face, It was also noted that under all the conditions tested and In the
many sample dishes examined, that there were no aggregations of
small droplets without the large parent droplet,

Single droplets of water were produced by a hypodermic needle
and dropped from heights up to 40 ft into similar oil-filled collectors,
These droplets were also examined and no evidence of breakup or for-
mation of these small satellite droplets was found.

It is suggested that this experiment shows that larger drops moving
through a field of small droplets collect some of the smaller droplets.
Normelly, these droplets would lose their identity as they merged with
the larger drop; however, in these tests the surface contamination
caused by the oil vapor in the air supply prevenied this assimilation,
Since no clusters of small droplets alone were found, these observa-
tions indicate that large drops are not produced by coalescence of small
droplets, However, it is also apparent that larger drops do grow by
collision with and assimilation of smaller droplets,

5.0 DRAG COEFFICIENT OF FREE-FALLING DROPLETS

The experiments conducted by Gunn, et al, {(Ref. 18) and Laws
{Ref, 19) show that the drag coefficient for water droplets differs signifi-
cantly from the "standard" curve for solid spheres as published by
Schlichting {Ref. 17) and Hoerner (Ref, 24), However, there is con-
siderable variation in the value of the drag coefficient for solid spheres
as reported by individual investigators. Bailey (Ref. 25) presents a
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review of the various data in the literature and suggests that much of
the variation can be associated with the type of support or sting used

in many of the experiments. From this survey, and subsequent work

he conducted in a ballistic range, Bailey proposes a modified ""standard"
curve,

5.1 EXPERIMENTAL APPARATUS

In order to provide drag coefficient data for free-falling JP-4
droplets the following apparatus was constructed, A vertical tube
approximately 36.9 m in length by 8 cm in diameter was installed in the
stairwell of the Mark I test building, Viewports with instrumentation
feedthroughs were installed at approximately 3-m intervals along the
length of the tube, A small chamber, housing the droplet-producing
and detection system, was located at the top of the drop tube and is
shown schematically in Fig, 10. The complete system was vacuum
tight, and internal pressures could be preset to simulate altitudes from
sea level to 30,000 m.

/— JP-4 Reservolr
Needle Valve

Hypodermic Needie
Vacuum
Strobe oL -
Pump nansn—/'c |
Micraophone —*'
Detector (Typ)
i 101t (Typ)
-%I- 120 R
| etc
.

Figure 10, Schematic of drop tube.
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Several methods for producing droplets were evaluated. A vibrat-
ing needle system produced adequate droplets; however, there was
sufficient horizontal momentum added to the droplets that they would
not fall the full 36 meters without hitting the side of the tube. The
system finally selected was a simple gravity-fed set of hypodermic
needles which had been modified by cutting off their tapered tip and
carefully buffing and polishing the squared end, It was noted that any
asymmetry about the end of the needle apparently caused the droplet to
rotate as it fell with the result that the droplet would swerve and im-
pact with the wall, The rate at which the droplets were produced was
controlled by a micrometer screw which adjusted the height of the JP-4
reservoir, The top of the reservoir was vented into the chamber on the
drop tube so that adjustments of the pressure in the system to simulate
various altitudes would not affect the droplet formation rate. For most
of the data taken, the droplet formation rate was one per eight seconds.

The droplets were timed during their free fall with a crystal con-
trolled digital counter. A starting trigger was produced as the droplet
was released from the needle and fell between an LED and a companion
photodetector. This pulse coupled through a suitable delay also acti-
vated a strobe light which was used to backlight and photograph the drop-
let as it passed a viewport, A reference wire of known diameter was
included in the field of view of the camera and in the same focal plane
as the droplet, The droplet diameters were obtained from these films
using a microscope and an optical comparator. A cross check on this
method of sizing droplets was made by collecting and weighing a series
of droplets and then comparing the calculated average drop size with
that determined from photographs. Droplet diameters calculated by the
weighing method were 1 to 2 percent smaller than those determined from
photographs, This could be due to slight losses caused by evaporation of
JP-4 during the collecting and weighing operation. The slight differences
were not considered to warrant further investigations, and the photo-
graphic method to determine diameter was used in all subsequent tests,

Each station down the drop tube was fitted with a thin metal butterfly
valve to which was cemented a small crystal microphone, The time of
flight to a particular station was recorded by closing the valve at that
station and using the impact of the droplet on the valve as recorded by
the microphone. The time of flight of several hundred droplets to each
station was taken for each altitude simulation and each droplet size, The
data were treated statistically to obtain the average value for the termi-
nal velocity of a particular size drop falling in the tube under specific
atmospheric pressures.
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52 RESULTS

The first runs were conducted with water droplets so that the data
generated using this apparatus could be directly compared with those
of Gunn, et al, A typical velocity profile is presented in Fig, 11,
These data are included on the plots of drag coefficient versus Reynolds
number in Figs, 12 and 13, The experiments were repeated using JP-4
and the results are presented in Figs, 12 and 13.
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Figure 11. Velocity profile of falling water droplet.
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Figure 12. Plots of drag coefficient versus Reynolds number for disks,
spheres, (solid and liquid) and water droplets.
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Figure 13, Drag coefficient versus Reynalds number for JP-4 droplets.

5.3 DISCUSSION

Two factors can be considered as possibly modifying the drag coeffi-
cient of falling JP-4 droplets, The first is the evaporation of the more
volatile components which are added to the boundary layer and wake.
However, a limited number of experimental runs with a fraction of JP-4,
from which the most volatile 10 percent of the hydrocarbons had been
removed, showed no measurable change in terminal velocity, It is there-
fore suggested that this effect is of minor importance. The second is the
deformation of the droplet due to aerodynamic forces. This is empha-
sized by both Spilhaus (Ref. 28) and Magono (Ref. 27} in their studies of
free-falling water droplets,

The resultant droplet shape is determined by the interaction of the
surface tension force (Uﬂ/l"!) which tends to maintain the spherical shape

and the pressure forces ng2 tending to deform it, The ratio of these
forces has been designated as the Weber number, W, = pgrﬂvzlo'g.
Hinze (Ref, 28) presents a mathematical analysis of the deformation of
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liguid droplets and, assuming thal the distortion produces an ellipscidal
shape, predicts a maximum flattening given by

(i) = N5 Re
r

Inax

where é is the difference between the length of the minor axis of the
ellipsoid and the radius of the undistorted spherical droplet {ry).

5.4 APPLICATION OF DATA TO ATMOSPHERIC TESTS

Given the atmospheric conditions, the terminal veleocity for a given
droplet size can be computed using the following technique, Since at
terminal velocity the aerodynamic drag forces and the gravitational

forces are equal, then

Cp Elwu\;?m‘z =11 J-rr?'p}.g

or
8 [T
(.” = 5
pg \l
By definition
a}
I
He = —2°
y (1)

Combining these terms to eliminate Vi yields

Re T,y =

(2)

Figure 14 is a plot of Re versus Re \JCD made from the data obtained
for JP-4 in these tests, As can be seen, the data can be represented
by the linear ecquation

HL'\J(__I; - 073 Re + 286 (3)
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Therefore, inserting the atmospheric parameters and the droplet diam-
eter in Eq. (2) yields a value for Re \{gﬁ This value can be used in
Eq. (3) to determine the appropriate Reynolds number to use in Eq. (1).
Equation (1) can then be solved to give the terminal velocity.

800
100 |-
600 |-
500 |-
Re 400+ a0
300 (- Ll o
200 Re 20
lod - 10}
0 ] | ] I l ] 0 ] 1 | | 1
0 100 200 300 400 500 600 0 10 20 a0 40 50

Re Cp Re\fCp
Figure 14. Plot of Re versus Ra\/ﬁ for JP4,

Using a similar approach, the drag coefficient Cp and the Reynolds
number Re can be combined to yield

Cp 47, pre
Pg Vi (4}

Figure 15 is presented as a plot of Re versus Cp/Re as determined from
the drop tube tests for JP-4 fuel droplets., Thus, inserting observed
values for the parameters in Eq, (4) yields a value of Cp/Re which can
be associated with an appropriate Reynolds number from Fig. 15, This
Reynolds number can then be used to calculate the appropriate droplet
size,
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Figure 15. Plot of Re versus Cp /Re for JP-4,

6.0 EVAPORATION OF JP-4 DROPLETS

After the initial breakup and aerodynamic dispersion of the JP-4
droplets in the aircraft wake, the initial distribution of the hydrocarbon
vapors throughout the atmosphere will be controlled by the evaporation
characteristics of the free-falling droplets. Attempts to solve the
equations for the evaporation of a volatile liquid sphere in a moving
gas stream have met with limited success. Frossling (Ref. 29) pre-
sented the first semi-empirical results indicating that

dm _ T vk Ef_ g 1.2
ﬁ[_- = --217D RT d[] + ﬂl-c)(RE) ]
where
D* - diffusion coefficient T = liquid temperature
M = molecular veight of liquid d = droplet diameter
P = vapor pressure at temperature T S *

= Schmidt number = p-l:T
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and

fS) = 0.276 5173

Further, workers such as Rang (Ref, 30) have modified this approach
to include heat-transfer effects. However, the difficulties added by
the complex multicomponent nature of JP-4 fuel would seem to be well
beyond the scope of such analytical treatment.

In an attempt to reduce the problem to tractable form, Lowell
(Refs., 31, 32, 33, and 34) made the assumption that JP-4 could be
modeled by a mixture of 10 selected hydrocarbons and that the evapo-
ration rate of such a droplet could be calculated by summing the evapo-
ration of the specific components. The general scheme used was to
consider the droplet diameter and temperature fixed for a short inter-
val of time. During this time step, the terminal velocity and Reynolds
number of the falling droplet was calculated, The Nusselt number of
mass transfer was then calculated and the mass-transfer coefficient
for each constituent was then obtained from the Nusselt number. The
vapor pressure of each component was then used along with the appro-
priate mass-transfer coefficient to determine the mole fraction evapo-
rated. The procedure was repeated for the next time interval with the
new droplet diameter and an adjusted mixture of components.

The first assumption in this approach is that there is sufficient in-
ternal mixing in the falling droplet to ensure a uniform distribution of
the components, especially the more volatile hydrocarbons, It is im-
portant that this assumption be verified, for if there is litile or no
circulation then the evaporation rate will be much lower. In addition,
the profile of the hydrocarbon vapors left in the atmosphere will be
quite different, With adequate circulation in the droplets, the more
volatile hydrocarbons would be deposited at the higher altitudes, where-
as with no circulation there would be a more uniform distribution of all
the hydrocarbons at all altitudes. Garner, et al, (Ref. 35) studied the
internal circulation within falling droplets by taking colored motion
pictures of organic liquid droplets containing anhydrous cobalt chloride
falling through water. As the water diffused into the organic phase the
cobalt chloride changed from deep blue to pink and thus acted as a
tracer to define the internal flow patterns in the droplet. Under these
conditions, internal circulation was observed at Reynolds numbers as
low as 64 to 71 and it is inferred that it would cccur at lower Reynolds
numbers for liquids of lower viscosity,
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To further check this assumption of droplet mixing, which would
result in a fractioning evaporation of the free-falling JP-4 droplets,
the following experiments were conducted,

6.1 EXPERIMENTAL APPARATUS

A closed-loop vertical wind tunnel was constructed as shown in
Fig. 16. A variable-speed fan motor was used to set the airflow in the
system, The air temperature was controlled by venting the boiloff gas
from a liquid nitrogen supply through a cooling coil located below the
fan, Air temperature was measured by a thermistor located in the
upper horizontal leg of the loop., JP-4 droplets were formed by hypo-
dermic needles located in the bottom of the reservoir, and the droplets
fell down the vertical leg into a cooled collection sump. The evaporated
hydrocarbon vapors were carried by the counterflow of air to the liquid-
nitrogen-cocled cryopump located just above the fan. A thin-wall rubber
geptum was located by the side of the cryopump so that a sampling
syringe could be inserted to collect the sample after a test sequence.

LNz 1P-4 Fuel ——_fro-
Cold Finger /—Healer Hypodermic Needles—ll ooll |
Luclte Window—" T <: g::i
bry%e | S [ Rubber Septum (in Side Wall 3

ow

Yo

Variable Speed Circulating Fan §§
-]

WNy—_|

Cooled Bath

Figure 16. Schematic of clesed-loop wind tunnel,
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6.2 EXPERIMENTAL PROCEDURE

The system was first purged with dry nitrogen tc remove as much
water vapor as possible and then the fan speed was set and the cooling
coils activated if the particular test sequence so required. When the
airflow temperature had stabilized, liquid nitrogen was added to the
cryopump. After it had cooled to T7°K, JP-4 was added to the reser-
voir (for some runs this JP-4 was precooled) and the droplets allowed
to fall through the airstream. The droplets were allowed to fall for
approximately two minutes and then the airflow was stopped. The
heater in the cryopump was then turned on until the hydrocarbon cryo-
frost which had collected on its surface melted and formed a small
droplet at its tip. The needle of the sampling syringe was then in-
serted through the septum and the droplet was collected for analysis,
The sample size was typically 0.5 u£,

6.3 ANALYSIS OF EVAPORATED COMPONENTS OF JP-4

Gas chromatography was used to analyze the evaporated components
of the JP-4. Due to the large number of hydrocarbons present in JP-4,
it was beyond the scope of this project to identify gpecific compounds
and to quantify their concentration in the original JP-4 and the evaporated
sample, The gas chromatograph was used to produce a fingerprint or
signature of a particular sample so that it could be compared against a
set of prepared fractions of JP-4,

The first part of this study was to find a suitable column for the gas
chromatograph which would provide an acceptable separation of the
hydrocarbon group. A standard packed column with SE30 was used
initially since this was an accepted column for hydrocarbons. However,
it was found that this column provided insufficient resoluticn of the early
peaks, Schwartz, et al. (Ref, 36) reported good separation of complex
hydrocarbon mixtures using a 200-ft capillary column coated with a mix-
ture of hexadecene, hexadecane, and Kel- polymer oil. Such a column
was procured from the Perkin Elmer Company and used for these tests,
After investigating the many variables in the operating modes of the gas
chromatograph, the following parameters were chosen as best suited for
our particular application:

a. Column - 200-ft by 0, 01-in, capillary column coated
with hexadecene, hexadecane and Kel-F,
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b. Detector - flame ionization,

c. Oven temperature - constant 25°C,
d, Carrier gas - No,

e. Flow rate - 24 mf/min,

f. Sample size - 0,5 nf, and

g. Injection - Hamilton constant pressure syringe,

6.4 CALIBRATION OF THE GAS CHROMATOGRAPH

The calibration of the gas chromatograph consisted of preparing a
baseline chromatograph of the JP-4. One-hundred m# of this JP-4 was
then distilled using the ASTM D86-1P 123 procedure {(Ref. 37) and col-
lected as twelve fractions. The data from this distillation along with the
measured refractive index of each fraction are included in Table 4.

Table 4. Properties of JP-4 Fractions

Fraction Volume, Temperature, Refractive
No. percent °C Index
1 9 112 1.4074
2 9 124 1. 4153
3 9 134 1.4179
4 9 144 1.4221
5 g 153 1.42863
6 9 168 1.4310
T 9 176 1.4357
8 9 186 1.4414
9 8 191 1. 4460

10 8 198 1. 4511
11 7 204 1.4574
12 3 Residue 1. 4610
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The temperature recorded in this method is that of the vapor at the
head of the distillation column at the time that the noted percentage has
been recovered, An analysis for percent clefins and aromatics was
performed for the first four fractions and is included in Table 5, The
gas chromatograms for these four fractions along with JP-4 is shown
in Fig, 17, Only the first thirty minutes have been reproduced as
being significant for this phase of the work, although the JP-4 data
continue with over an additional 100 peaks. Markers have been in-
cluded in Fig. 17 to identify the retention times of specific compounds,

The most volatile fraction was further subdivided by distillation
into one-milliliter samples. Gas chromatograms of the first four of
these samples are presented in Fig, 18,

Typical gas chromatograms obtained as 'fingerprints' from the

collected vapors off the cryopump from the closed-loop wind tunnel are
shown in Fig, 19,

Table 5. Analysis of JP-4 fractions

Fraction |Volume, percent|Volume, percent| Volume, percent
No. olefins aromatics saturates
1 0. 44 4,95 g94.61
2 0.587 .43 92.00
3 0. 65 9.10 90. 25
4 0.71 10,935 88. 34
JP-4 0. 44 13. 25 §6. 31
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Figure 17. Gas chromatograms of JP-4 and fractions.

44



St

Deteclor Response. Arbitrary Units

20

15

10

Time, min

Fraction 1A

10

Fraction 10

B
B
‘ Fraction 1B Fraction 1C
A
A
¢ ]
g 11 Ll | ]
10 0 10
Time, min Time, min

Figure 18. Gas chromatograms of 1-m¢ fractions.

10
Time, min

20

6¢-54-41-203V



AEDC-TR-75-49
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Figure 18. Typical chromatograms of evaporation samples.
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6.5 DISCUSSION

All the gas chromatograms presented were prepared with a 0, 5-uf
sample, The detector sensitivity and chart speeds were held constant,
and thus all of the traces can be directly compared. The ordinate is
presented as arbitrary units, although the relative conceniration of the
hydrocarbons represented by a specific peak, common to each chromato-
gram, is proportional to the area under that peak, Sequential peaks in
a chromatogram, however, cannot be so easily compared. The re-
sponse of the flame ionization detector to pure hydrocarbons (contain-
ing only hydrogen and carbon) is approximately linear with respect to
carbon number; however, substituted groups (halogen, sulphur, oxygen,
nitrogen, etc.) decrease the sensitivity. Thus, the flame ionization de-
tector requires calibration with known compounds for quantitative
analysis, For these studies, however, it is sufficient to note that with
a constant-volume sample a general increase in one section of the
chromatogram indicates an increase in abundance of these species and
must result in a general decrease in the other parts of the chromato-
gram. This is quite evident when comparing JP-4 tc the fractions in
Fig. 17. The more volatile components represented by peaks A and B
are quite evident in fraction No. 1 but are barely discernible in JP-4,

The retention fime, or separation between peaks, can vary slightly
from day to day due to slight differences in setting the carrier gas flow
rate, This effect can be seen by comparing peaks, A, B, C, D, and E
on the curves in Fig, 19. The general character of the peaks are re-
tained and are identifiable which is sufficient for these tests. These data
indicate that there is very little difference in the composition of the
evaporated species as a result of varying the droplet temperature or the
air temperature. Comparing the ratio of peak B with the following doub-
let peak in both samples 1 and 2 indicates a slight decrease of the more
volatile components in favor of the later components for the higher drop-
let temperature. A similar examination of samples 2 and 3 indicates
that these samples are indistinguishable, The apparent overall, slightly
lower signal level coefficient is most likely due to the inclusion of a
small bubble in the hypodermic needle and thus the injection of a slightly
smaller sample into the gas chromategraph,

When comparing the evaporation samples against the fractions
(Fig, 18) it is obvious that they fall close to fraction No, 1A, This
fraction represents the most volatile components of JP-4 and is one per-
cent by volume of the whole JP-4, It should also be noted that a small
percentage of each evaporation sample contains species beyond peak D
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which are not evident in fraction No. 1A, This is {o be expected since
fraction No. 1A is the result of a double distillation process designed
to remove the less volatile components.

Subsequent experiments to determine droplet evaporation rates
{(see Section 7, 0) indicate that in these tests approximately 0. 8 percent
by volume of the droplets evaporated in the free fall, This suggesis,
therefore, that the bulk of the more volatile species are evaporating
during the early part of the free fall, and the assumption of adequate
internal mixing is valid,

7.0 EVAPORATION RATES OF JP-4 DROPLETS

In order to predict the distribution of hydrccarbon vapors in the
atmosphere from a particular fuel dump, it will be necessary to de-
velop a computer program similar to that devised by Lowell {Refs, 32
and 33)., His work was limited by the capacity and ability of the com-~
puters available to him at that time. Unfortunately, there are no readily
available experimental data to check his calculations against. Realizing
the need for some evaporation rate data for JP-4 droplets in moving air-
streams which might be used for checking the validity of a future com-
puter code, the following experiments were planned and executed,

The method used was similar to that developed by Frossling
(Ref. 29) and consisted of suspending a droplet of JP-4 on a fine glass
filament in a conditioned airstream, Droplet sizes were determined
from a sequence of photographs taken of the droplet as it evaporated,

7.1 EXPERIMENTAL APPARATUS

The experimental apparatus to study the evaporation rate of JP-4
droplets is shown in Fig, 20, It consisted of a plexiglass test section,
motor-driven sequence camera with strong flash light, a multimeter
readout for temperature probes, and a micromanometer used to mea-
sure pitot tube pressures, Details of the test section are shown in
Fig, 21,
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The airstream entered at the base and was then directed through a sec-
tion of wire mesh and aluminum turnings to dampen turbulence, The
airstream temperature was measured by a thermistor just as it entered
the adjustable nozzle section, The air temperature was controlled by
passing the air supply through a copper coil which could be partially
immersed in a bath of liquid nitrogen, The required temperature in
the test section was adjusted by increasing or decreasing the number

of turns of the copper coil which were immersed in the liquid, The
humidity was adjusted by passing part of the flow through a canister
filled with wet cotton fibers, The velocity of the airflow around the
droplet was controlled by adjusting the throat cross-sectional area and
regulating the air supply pressure. The air velocity was determined by
measuring the stagnation pressure with a pitot probe, shown in Fig, 21,
with the spherical tip, The rod located to the right of the pitot probe
was located in the same photographic plane as the suspended JP-4 drop-
let and was used as the reference dimension in all of the droplet photo-
graphs, The glass filament (138-pum-diam) barely visible in Fig, 21 is
shown enlarged in Fig, 22 along with a JP-4 droplet,

Figure 22. JP-4 droplet on glass filament.
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The photographs were taken with a 50-mm lens using bellows and
extender rings to produce a 5, 3X magnification of the droplet at the
negative. This negative was further enlarged on the {ilm reader used
to recover the data. The timing sequence was set by an intervalometer
which automatically triggered the camera. IDlumination was supplied
by an electronic strobe flash unit, and the light was diffusely reflected
from a white screen background,

7.2 EXPERIMENTAL PROCEDURE

Prior to suspending the droplet of JP-4 on the glass rod, the de-
sired flow conditions were established by adjusting the test section
threoat and the air supply pressure, For those runs requiring tempera-
ture or humidity control, the appropriate conditioning systems were
installed in the air supply line, After the camera system was set and
focused, the airflow was momentarily interrupted by disconnecting the
supply line to the test section, and the droplet was transferred to the
glass support rod from a pipette made from a fine drawn glass tube.
The air supply was immediately reconnected and the intervalometer
started.

7.3 DATA REDUCTION

Observation of the suspended droplets during checkout runs indi-
cated that their shape deviated from a true sphere due to their contact
with the glass support rod as well as to aerodynamic forces. An ex-
treme of this distortion is shown in Fig. 23 which is one of the last
frames of an evaporation sequence. The air velocity is 3.05 m/sec,
and as can be quite easily seen it has driven the droplet well up the
glass support rod,

Several photographs of droplets were mapped using a Benson-
Lehner Telereader®, This system projected a 20X magnified image
from the negative, and a drivable set of cross hairs could be located
at any point, Upon command, the coordinates were automatically re-
corded and punched on computer cards. Figure 24 presents a typical
map of a droplet along with the best fit ellipse, Assuming that the
droplets are symmetrical about their major axis, their volumes were
calculated from the best-fit prolate spheroid, An equivalent droplet
diameter (dy} was defined as a spherical droplet with the same volume.
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Figure 23. Evaporating droplet on sting.
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Figure 24, Map of suspended droplet.

Assuming that the evaporation rate for a pure liquid droplet sus-
pended in an airstream is directly proportional to the surface areas,

then

dm

Y o 1V
dt Cxiad (5)
where
dm . ‘
5 = cvaperation rate {gm ‘sec)
C* = constant (gm’sec-cm?)
A = surface area of droplet, em?
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The surface area of a prolate sphercid is

il Xy -1
A:r.-i[x“-r—'—sm e]
d (6)
where
v = major axig. cm
x = minor axis, ¢m
and

The mass is given as

b )
= — =
m ﬁ{p) x°)

where
p = densily (gm't'm"‘}
Thus,
dm 1"".c.u ix o dy
FTR @-”‘ T ﬁ?) (7)
Substituting (6) and (7) in Eq, (5) and rearranging thus yields
o Ax sy
o P R TR
T T Yo
X <+ — s5In0 [
‘ (8)

Equations {7} and (8) were evaluated numerically using the time
interval between successive photographs, The derivatives att = 0 and
t = tfinal were evaluated using the forward and backward difference
approximation, An evaluation of C* for both distilled water droplets
and JP-4 is presented in Fig, 25,
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Figure 25. Evaporation rate as a function of time.

7.4 RESULTS

Using the previously described techniques, a servics of tests was con-
cucted. Several preliminary test runs were made in which a droplet of
JP-4 was suspended on a small thermistor and hung in the Lest cell air-
strcam. It was noled that even on those occasions where there were 3 or
4°C differences between the initial droplet temperature and the airsiream
(cooled airflows) the droplet quickly accommodated ic the airstream ilem-
perature and remained constant within 0, 2°C, This agrees with
Frossling's observations (Ref. 29). In all further tests it was therefore
assumed that the droplet temperature was that of the airstream. Data
were obtained for the following range of parameters:

Air velocity 0, 10, 15, and 20 ft/sec,
Alr temperature -25°C, -10°C, and 20°C at 10 ft/sec,
Humidity 11, 27, 40, and B7 percent at 10 [t/sec, and

L:iquid droplet Ho0), JP-4, and JP-4 fractions,



AEDC-TR-75-49

It was found that it was quiie difficult to suspend a predetermined
specific drop size on the glass filament and so the first series of tests
was made with the humidity, air temperature, and air velocity fixed,
and the data were taken for a range of droplet sizes from 1060 to
1347 pm in diameter. The data are presented in Fig. 26. These
curves collapse to a single curve when the evaporation rate is reduced
to the effective evaporation rate from a 1000-um droplet. Where

M {1000\ v
di (effective) d dt {measured)

and

d, = initial equivalent droplel diameter {jum)

For these curves the mass was calculated using a constant density
which is not strictly true, although it is considered adequate for these
presentations,

A second set of experiments was conducted in which the air velocity
and temperature were held constant, and the relative humidity was var-
ied from 11 to 67 percent, These data were once again reduced tc indi-
cate the evaporation rate of an effective droplet of 1000-um diameter and
are presented in Fig. 27. The spread can be considered as a result of
experimental uncertainties and thus indicates no apparent effect on the
evaporation rate due to the relative humidity of the ambient air,

The third series of experiments was conducted with the air tempera-
ture held constant and the air velocity varied from 0 to 20 ft/sec. The
curves presented in Fig. 28 are averaged from data taken for several
drop sizes at each air velocity., Once again, they have been reduced to
an effective 1000-4m droplet. A crossplot of this data presented in
Fig, 29 indicates that the evaporation rates measured were a direct
function of the air velocity.

Several problems were encountered in making the experimental runs
at reduced temperatures, The prime trouble was in obtaining sharply
focused photographs of the droplets. Dry nitrogen was used to purge the
outside of the test section; however, the inside of the plexiglass windows
gradually fogged up during the long run times necessary to establish a
steady-state flow and then record the droplet evaporation. The data pre-
sented in [Fig, 30 are representative of the runs made nnd may be useful
for "ballpark' estimates. However, insufficicnl repetitive points were
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obtained to provide any crossplots giving evaporation rates as a function
of temperature, .

p -
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Figure 26. Evaporation rate of JP-4 droplets.
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Figure 27. Evaporation rate of JP-4 at various humidities.
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Figure 28. Evaparation rate of JP4 for various air velocities.
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Figure 29, Evaporation rate versus air velacity.
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Figure 30. Evaporation of droplets in caoled airflows.
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Several runs were made with droplets taken from the fractions of
JP-4 recovered from the distillation system (see Table 4), Figure 31
is a presentation of the evaporation rates of four of the fractions, It
is interesting to note from the data that the evaporation "constant'" C*
for these fractions can be expressed as a direct function of time for
the first 50 percent of the mass evaporated,

4 Alr Velocity = 10 ftrsec
Temperature, 20°C

DM/DT, gmisec a 1043

0 20 a0 .1i} [ ] 100 120
Time, sec

Figure 31. Evaporation rate of JP-4 fractions.

These values are represented by
C*r = (A + EEL'J]O'4gm's.e(:-l:m2

where the values of A and B are given in Table 6 and t is measured in
seconds,

Table 6. Empirically Determined Constants for
Evaporation Rate Equation

Fraction A B
1 1.45 3.9 x 102
4 0. 75 1.17 x 1072
7 0.23 1.75 x 10-3
10 0.04 5.67 x 1074
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8.0 VAPOR PRESSURE OF JP-4 AND RESIDUALS

In order to provide some experimental data on the vapor pressure
of a cooled evaporating droplet, a series of tests was performed using
a small sample (approximately 5 m4f) of JP-4,

8.1 EXPERIMENTAL APPARATUS

A schematic of the apparatus is shown in Fig, 32. The sample
tube was fitted with a calibrated thermistor to measure temperature
and a transducer to determine the pressure, The vacuum pump was
used to both purge the air from the system and to remove the vapors
as the sample was slowly evaporating between data points, The sample
holder was supported such that it could be completely immersed in a
cooled bath of ethylene glycol and dry ice.

Pressure Readgut

Temperature Vacuum Pump
Readoup +——

Pressure Transducer /

Glass Sample Tube Valve

:Thermlstor

JP-& Sarple \

Styrofoam \

Ehylene Glycol

and Dry ICE\

oy

%7207

"~
MAANNSN

Figure 32. Schematic of apparatus used to measure vapor pressure.
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8.2 EXPERIMENTAL PROCEDURE

A sample of JP-4 was introduced into the test tube and the system
was sealed. The tube was then immersed in the cold bath and cooled to
-60°C, When it had reached this temperature, the valve to the vacuum
pump was opened and the pressure reduced to below one millimeter of
mercury. The valve was then closed and the system was allowed to
stabilize, When the temperature and the pressure had reached a steady
state, the pressure and temperature were recorded, and the cold bath
was warmed slightly, This process was repeated until the JP-4 was
returned to room temperature, The valve to the vacuum pump was then
opened and left open until 10 percent of the JP-4 had evaporated., At
this point, the valve was closed and the test vclume again cooled with
the cold bath, Again, data were obtained for the vapor pressure of the
90-percent residual, This process was repeated with 0,5 mf of the
sample being evaporated between successive runs,

A plot of vapor pressure versus temperature for JP-4 and the
various residuals is presented in Fig, 33.

8.3 DISCUSSION

The evaporation process in this experiment does not duplicate that
of a ventilated droplet; however, it was noted that during the pumpout
period there were significant convection currents in the bulk of the
liquid sample. This would indicate that as in the falling droplet there
was 'sufficient mixing occurring to allow the more volatile components
to move to the surface. As can be seen in Fig. 33, the vapor pressure
follows the log 1/T relationship except for a slight deviation at the
lower pressures, After observing this deviation, the thermistor and
the pressure transducer were checked in situ, the thermistor against
a mercury thermometer and the transducer against a calibrated
aneroid-type pressure gage. It was decided that neither of these mea-
surements could be the source of the deviation, During the period that
these data were taken, it was therefore considered that this was a real
deviation due to the complex mixture of hydrocarbons in JP-4, How-
ever, it has since been suggested that this may have been due to an
adsorption of some of the high vapor pressure hydrocarbons by the
elastomer seat in the vacuum valve used to isolate the vacuum pump,
Thus, at the lower temperatures these components were adsorbed and
then desorbed as the temperature was raised.
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Figure 33. Vapor pressure of JP-4 and residuals.
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It should be noted however that the data presented are for a specific
sample of JP-4, They are therefore useful only insofar as they give
guideline information on what are reasonable assumptions which may be
made in developing a tractable computer model to describe the evapora-
tion process,

9.0 EFFECTS OF JP-4 ON CONDENSATION OF
ATMOSPHERIC WATER VAPOR

In order to study the effects of fuel vapors on the condensation of
water on naturally occurring condensation nuclei, a Wilson-type cloud
chamber (Fig, 34) was constructed. This system was chosen in favor
of the simpler diffusion-type cloud chamber because it is better suited
for adding contaminants and it can be cycled to both condense and re-
evaporate the water droplets, Therefore, it can more realistically re-
produce the life cycle of a small droplet involved in a dynamic cloud en-
vironment.

The condensation process is initiated by slightly cooling the test
volume of the cloud chamber which contains the particulates and vapors
to be investigated. This cooling is accomplished by a slight adiabatic
expansion produced by a large piston.

The supersaturation produced in a given expansion of the chamber
is caleulated using the initial temperature and the initial and final pres-
sures. The pressure data are used to determine the final temperature
rather than attempting to measure the temperature directly because of
the inherent thermal lag in any temperature-measuring device., This
temperature is calculated from the adiabatic relationship

1Y eif

P\ Yeif
Ty = T, {=t
2 P
2

where 7o is an effective ratio of specific heats of the air and water
vapor and is given by Richarz (Ref. 38) as

Pﬂ

1 1 ir ( 1 ) P water vapor
= +
(ycfl'l) (yzur'l) Piotal Y -l P otal
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Figure 34. Schematic of cloud chamhber,

The supersaturation is defined as

§ = £
P
where
p i8 the actual vapar density
and

P, is the equilibrium vapor density of the vapor over
a plane surface of the liquid phase
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Assuming a closed system at initial conditicens, P;, V{, and T; which
undergoes adiabatic expansion, the temperature and pressure are lowered
toc T2, Pg, and the volume increases to V3. Assuming that there is no
condensation during this rapid expansion, then the number of vapor
molecules remains constant. The final vapor density is therefore

¥)
P2 = /) r)
]
PVI 'i'-l
P2 = wr, \V3

where PVl is the initial pressure of the water vapor which was in equi-

librium with the surface of the liquid phase in the chamber at the tem-
perature Tj. The density of water vapor for equilibrium at the final
temperature Tg can similarly be written as

or

P,

P = ®T

Thus, the supersaturation may be rewritten as

P
s P2 (P
Poa P l;‘l

Yo

In the absence of foreign nuclei, pure vapors can be supercooled
well beyond the point where they should spontaneously condense to the
liquid phase, Ior water vapor in a carefully cleaned cloud chamber,
supersaturations of approximately 4, 2 are possible, Beyond this point,
homogeneous nucleation occurs and the vapor spontaneously condenses
dropwise, Considering the free energy of both the vapor and vapor drop-
let systems Gibbs (Ref, 39) predicted the critical size of the condensa-
tion nuclei which would be required to initiate condensation for a particu-
lar supersaturation, This is given as

. - oM
e p RT3
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where

r., is the critical radiys,

v is the surface tension of the liquid phase.
M is the molecular weight,

p is the liguid density,

il is the universal gas constant.

T is the absolute temperature, and

S is the supersaturation

A plot of this critical droplet size versus super-saturation is pre-
sented in Fig. 35. The size range of dust particles normally present in
the atmosphere is also noted, A typical size distribution for particulates
commonly found over land is presented in Ref, 40, Over the size range
from 0.1 to 10 #m the number of particles between any two radius values
can be determined from

fo
: C’ -3 -3
An = 3770 T = )
b

where the value C” is dependent on local atmospheric conditions and can
range from an average of 4 to as high as 400, Figure 36 (Ref, 40) pre-
sents a typical gradient of particle sizes as a function of altitude, A
simplified view of heterogenecous condensation would indicate that dust
particles as small as 0,05 um in diameter would act as condensation
nuclei as the relative humidity rose to 100 percent in the atmosphere,
However, it has been experimentally determined that some particles
below 0, 05 tm in diameter are extremely effective as condensation
nuclei. Ruedy (Ref. 41) states that, in general, dust particles one

halfl the critical radius can be considered 100-percent effective in pro-
ducing condensation, Silver iodide smokes with particles as small as
0.01 ym have been used as condensation nuclei and their effectiveness
has been attributed to the crystalline structure of the Agl (Ref. 42).
Some of the naturally occurring hygroscopic salts are also considered
as especially effective condensation nuclei in the 0,01- to 0, 1-um
range, Particular inferest is expressed in this size range because, as
is noted in Fig. 36, at altitudes between 0.5 and 5 km the number density
of condensation particles above 0, 1 ym in diameter decrezses rapidly;
therefore, the active particles among the Aitken nuclei become a more
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significant factor in the condensation process., Also, the surface proper-
ties of this size of particle are more important in determining if they are
effective as condensation nuclei, and therefore they would more likely be
susceptible to contamination by hydrocarbon vapors.
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Figure 35. Critical supersaturation as a function of particle radius.
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Figure 36. Concentration of condensation nuclei in atmosphere.
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9.1 EXPERIMENTAL APPARATUS

The Wilson-type cloud chamber is shown schematically in Fig. 34.
The glass cylinder which is partially filled with distilled water is fitted
with a pneumatically operated piston and diaphragm, The air supply and
the venting system to the piston are controlled by a series of electri-
cally operated gate valves. These valves are in turn controlled by a
timing sequencer which can be programmed to provide a series of ex-
pansions and compressions, The pressures in the test volume are
monitored with a fast response transducer., The output from the trans-
ducer is also used along with a window comparator to provide feedback
information to the timing sequencer to control the chamber pressure,
The complete expansion chamber is hcused in an insulated enclosure to
maintain a constant temperature. Heaters located on the chamber base
and a forced warm air circulation system in the upper part of the en-
closure are thermostatically controlied to maintain a water temperature
of 25 £ 0,05°C and a vertical temperature gradient of 1,0 = 0, 05°C,
Thermistors are used to monitor the temperatures and control the
heater relays.

The air sample and the JP-4 vapors are introduced into and vented
from the test velume via two ball valves located in the top plate, For
complete air changes, a small vacuum pump is connected to the exhaust
valve and the incoming air is drawn through a 0, 4-pum filter, On those
accasions when a specific quantity of room air was te be added to the
test volume, the exhaust valve was opened and the piston operated to
raise the water level the desired amount., The exhaust valve was then
closed, the inlet valve opened, and the piston slowly lowered to draw
the air sample into the test volume. JP-4 vapors are admitted using
two techniques. For those tests requiring the more volatile fraction of
JP-4 the cellulose support pad for the inlet filter was moistened with a
measured volume, and the fluid and the vapors were drawn into the
chamber along with the air sample. The pad was weighed before and
after use to determine the quantity of the fuel remaining in the pad after
the addition. Whole JP-4 vapors were admitted by opening the inlet ball
valve and inserting a stainless steel tube fitted with a small heater.

The sample was slowly introduced in the upper part of this tube from a
calibrated syringe, The JP-4 was vaporized upon contact with the warm
tube. A small purge of dry nitrogen was used to flush the residual vapors
from the tube into the test chamber,

The data from these tests consist of visual observations of the test
chamber and densiiometer measurements from photographs taken of the
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droplets in an illuminated volume. This volume is defined by a colli-
mated light beam passing through the center of the test volume, The
collimation slits are set 1,0 cm wide, although there is probably some
distortion of the light beam as it passes through the curved glass walls
of the chamber, Since in these experiments the absclute number den-
sity of droplets is not required, no further definition of the volume
photographed was attempted, The camera was prefocused to the center
of this volume,

9.2 EXPERIMENTAL PROCEDURE

The test chamber was cleared of all condensation nuclei by using
the following procedure, The timing sequencer was programmed 1o
slowly compress the volume to 900 mm, hold for five minutes, then
produce a rapid expansion to 800 mm followed by a slow continuing ex-
pansion back to ambient pressure (745 mm), After holding at this con-
dition for five minutes, the sequence was repeated, During these ex-
pansions, water vapor cendenses on the active nuclei and the resulting
droplets settle under gravitation into the liquid reservoir where the con-
densation particles are effectively {rapped. Several cycles are neces-
sary since during the settling process some of the smaller droplets in
the upper part of the test volume evaporate before reaching the liquid
surface,

After cleaning the nuclei from the test volume, a measured sample
of room air was introduced using the technique of raising the piston as
previously described. The timing sequence was then reprogrammed to
produce the desired supersaturation and to trigger the camera and flash
fube as the resulting droplets were produced,

After tests involving the addition of JP-4 vapor, the active volume
was flushed with room air using the vacuum system and then readied for
further tests by using the cleaning cycle. Pericdically, the complete
chamber was disassembled and cleaned to remove traces of JP-4 which
accumulated on the glass walls of the chamber and the surface of the
water in the reservoir.

9.3 RESULTS
The original intention was to introduce a small enough quantity of

room air so that the number of droplets produced would be small
enough to allow an individual droplet count for data analysis, However,
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small samples resulting in droplet counts of 500 per mf or less were
not repeatable enough to provide a baseline against which JP-4 contami-
nated samples could be compared.

With air samples of one liter, the initial droplet counts rose to an
estimated 1000/m¢, Comparisons of droplet densities were made by
measuring the light transmitted through the negative with a commer-
cial film densitometer. Only exposures on the same roll of film were
compared in these tests since differences attributable to film develop-
ment and processing not only shifted the absolute readings but also
affected the normalized readings compared to a "standard" exposure
taken as the first frame of each roll of film. The observations within
each set of runs, however, were consistent,

The first series of runs consisted of photographing the droplets
produced from one-liter samples of room air drawn through a 0, 04-um
filter. The supersaturation to trigger condensation was S = 1, 10 and
the same sample was subjected to four expansion cycles, The densi-
tometer readings from this series are presented in Table 7a. As can
be seen, the droplet density decreased significantly with each succeed-~
ing expansion due to the fallout and self-cleaning processing previously
described. In expansions three and four, the densitometer is reading
a background from light scattered from the glass walls and the surface
of the liquid reservoir,

Tabte 7. Densitometar Readings
a. Densitometer Average Readings

Expansion No. 1 2 3 4
Sample No, 1 2,80 1,70 0.60 0.50
Sample No, 2 2.65 1.65 0.50 0.50
Sample No, 3 2.70 1.60 0.55 0.60
Sample No, 4 2.80 1.75 0.70 0.65
Average 2.73+£0.07 1.67 £ 0,07 0.58 0. 56

The data presented in Table Tb are representative of runs made
with JP-4 vapors added to the system. Again, the cleaning pattern
follows that of the original control data and no significant differences
are noted. Toward the end of this series of runs, it was noted that a
visible film could be detected on the glass wall of the chamber. The
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film was confined to a narrow band around the sidewall and clearly
marked the high and low levels that the surface of the water attained
during the compression and expansion cycles. This would indicate
that the JP-4 vapors are being deposited on the surface of the water
and then are migrating to the glass walls,

Table 7. Continued
b. Runs with JP-4 Vapor Added

Expansion No. 1 2 3 4

Sample (Air Only) 2.50 | 1.50 | 0.50 | 0.8
Sample 20 uf JP-4| 2.865 1.556 0.50 0.5
Sample 60 uf JP-4| 2.45 1.50 0. 65 0.8
Sample 200 48 JP-4| 2.70 | 1.60 | 0.60 | 0.5

At this point, the system was disassembled and cleaned with deter-
gent, After reassembly, a series of tests was made in which the most
volatile fraction from a distillation series of JP-4 was used to "contami-
nate'' the active volume (see Section 3.0 for properties of this fraction).
The results of a typical run are recorded in Table 7c. The only differ-
ence that is possibly significant is that there would seem to be a few
more drops persisting in the later expansions after approximately 1 m#
of the No, 1 fraction had been added. Since the concentration of the
vapor in this case is as high as would be expected in the immediate wake
of an actual fuel dump, this slight effect would be considered insignifi-
cant as far as its impact on cloud formaticns,

Table 7. Concluded
c. Typical Run

Expansion No. 1 2 3 4

Sample (Air Only) | 2.90 1.70 | 0.60 | 0.65
No, 1 Fraction 65uf | 2.95 1.85 0. 70 0. 60
No, 1 Fraction 418uf | 2.75 1.90 | 0.65 | 0.60
No. 1 Fraction 985ug¢ | 2. 80 1.95 0.95 0.60
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The chamber was again disassembled and cleaned to remove a
slight film appearing on the glass sidewalls. A final series of runs was
made with an attempt to add a 1.0~-m# sample of JP-4. The combination
of an overheated addition tube and adding the sample too quickly resulted
in a visible cloud of condensed JP-4 vapors entering the chamber., How-
ever, the cloud quickly dissipated, the ball valve was closed, and an ex-
pansion cycle was performed. The resulting supersaturation of 8 = 1, 10
produced a dense fog which persisted for several minutes. Subsequent
expansions eventually resulted in cleaning the chamber. This would
indicate that JP-4 droplets themselves can act asg effective condensation
nuclei.

Further tests were made with similar additions of JP-4 droplets in
which the initial cloud was observed during its lifetime along with the
following cleaning expansions, In general, the droplets densities were
much higher than in the previous tests and as a result the individual
droplets were much smaller, It is felt that the greater number of clean-
ing cycles required to clean the chamber under these conditions can be
attributed to the lower settling rates of the smaller droplets rather than
any significant effects due to the JP-4,

9.4 DISCUSSION

The results obtained from these studies would indicate that the JP-4
vapors will be effectively scavenged and cleaned from the atmosphere by
the natural process of condensation of water vapor and subsequent rain-
fall, The hydrocarbon vapors themselves do not appear to have any sig-
nificant effect on the initiation of condensation of water vapor on atmo-
spheric nuclei. In very high concentrations, they may tend to slow down
the growth and decay rate of water droplets such as might be found in
cloud formations. The major effect noted was the ability of small JP-4
droplets to act as condensation nuclei themselves. This would suggest
that in the event of a fuel dump, under conditions where small droplets
of JP-4 might survive and enter a parcel of humid air, these droplets
may act ag seed nuclei to initiate condensation. This could conceivably
result in precipitation, thus concentrating a larger portion of the fuel
than expected into a relatively small area at ground level,
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10.0 SUMMARY OF RESULTS

A review of the literature indicates that very little work has been
done which directly addresses the problem of dumping aircraft fuel into
the atmosphere., In this work an attempt has been made to define some
of the processes involved in the breakup of the initial liquid jet in order
to better estimate the initial droplet-size distribution. Spray tests
conducted at AEDC and observations of a high-gltitude fuel dump have
led to a suggested modification of the droplet-size distribution as re-
ported in the literature (Ref. 4). This change would suggest that a
larger percentage of the JP-4 is included in the smaller drop sizes
than had been indicated.

Experiments were conducted to investigate the phenomenon of
coalescence and its role in producing large droplets. The evidence
indicates that large droplets are not produced by the coalescence of
many small droplets, However, large droplets which are produced
in the initial breakup process will grow slightly by collecting smaller
droplets as they collide with them.

The theoretical work of Lowell {Refs. 31, 32, 33, and 34) was
discovered early in the literature survey and his attempt to model the
fallout process would seem to be a valid approach, Subsequent con-
versations with Dr. Lowell indicate that a computer code such as he
developed could well profit from the subsequent advances in computer
capahilities. The original computer pregram is no longer available
and thus further work will be required to reproduce his code,

Some of the experiments in this program {e. g., determination of
drag coefficients and evaporation properties) were conducted to help
provide a firmer basis for some of the assumptions which must be
made in such a computer program., Data from the experiments with
free-falling JP-4 droplets have been presented in such a form as to
be readily used to determine the terminal velocity of a particular size
droplet. An alternate presentation is made in which knowing the termi-
nal velocity the droplet size can be easily calculated. These data,
plus information on evaporation rates of samples of JP-4 should pro-
vide basic inputs for predicting fallout rates and the possible survival
of droplets to ground level,

Those properties of JP-4 such as density, vapor pressure, surface
tension, ete., which are pertinent to the problem of atmospheric dump-
ing have been collected from the various references and, in some cases,
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these data have been supplemented with experimental values determined
during these studies. Analysis of the vapors from freely falling drop-
lets have shown that there is sufficient, internal circulation in the drop-
lets to ensure that the more volatile species will evaporate first. This
will result in fractionation of the JP-4 and thus leave the more volatile
species at the higher altitudes, This information is of significance in
considering the long term photochemical effects which may result from
a fuel dump.

The cloud chamber studies indicate that the JP-4 vapors should
have a negligible effect on the normal condensation processes in the
atmosphere. The evidence suggests that condensation and rainfall
will act as a scavenging process, thus removing some of the vapors.
In this context, the only significant effect observed during these tests
was the ability of small JP-4 droplets to act as condensation nuclei
and thus conceivably serve as seeding material to initiate precipitation
under some circumstances,
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NOMENCLATURE

Surface area of droplets
Drag coefficient

Evaporation coefficient
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g o
#*

W g B 2 K ®m o oo

Diameter of jet
Diffusion coefficient
Diameter of droplet
Fuel flow rate
Gravitational constant
Boltzmann's constant
Molecular weight
Mass of droplet
Pressure

Universal gas constant
Reynolds number
Liquid film Reynolds number
Radius of droplet
Supersaturation
Schmidt number
Temperature

Time

Velocity

Weber number

Inverse Weber number
Ratio of specific heats
Eccentricity

Viscosity

Density

Surface tension
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SUBSCRIPTS

1 Initial condition
2 Final condition
cr Critical

eff Effective

g Gas

g Liquid

o Equivalent

t Terminal

v Vapor

Equilibrium value
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